Color, composition, and thermal environment of Kuiper Belt object (486958) Arrokoth by Grundy, W. M. & Keane, J. T.
                                 science.sciencemag.org/cgi/content/full/science.aay3705/DC1 
 
 
 
 
Supplementary Materials for 
 
Color, composition, and thermal environment of Kuiper Belt object (486958) 
Arrokoth 
W. M. Grundy*, M. K. Bird, D. T. Britt, J. C. Cook, D. P. Cruikshank, C. J. A. Howett, S. Krijt, 
I. R. Linscott, C. B. Olkin, A. H. Parker, S. Protopapa, M. Ruaud, O. M. Umurhan, L. A. Young, 
C. M. Dalle Ore, J. J. Kavelaars, J. T. Keane, Y. J. Pendleton, S. B. Porter, F. Scipioni, 
J. R. Spencer, S. A. Stern, A. J. Verbiscer, H. A. Weaver, R. P. Binzel, M. W. Buie, B. J. Buratti, 
A. Cheng, A. M. Earle, H. A. Elliott, L. Gabasova, G. R. Gladstone, M. E. Hill, M. Horanyi, 
D. E. Jennings, A. W. Lunsford, D. J. McComas, W. B. McKinnon, R. L. McNutt Jr., 
J. M. Moore, J. W. Parker, E. Quirico, D. C. Reuter, P. M. Schenk, B. Schmitt, M. R. Showalter, 
K. N. Singer, G. E. Weigle II, A. M. Zangari 
 
 
*Corresponding author. Email: w.grundy@lowell.edu 
 
 
Published 13 February 2020 on Science First Release 
DOI: 10.1126/science.aay3705 
 
This PDF file includes: 
Materials and Methods 
Fig. S1 
Caption for data S1 
References 
 
Other supplementary material for this manuscript includes: 
Data S1 (.obj file) 
Materials and Methods
Ralph Instrument Details and Data Processing
The Ralph instrument is a three-mirror anastigmat telescope with a dichroic beamsplitter that 
feeds two focal planes, making it effectively two instruments in one (14).  The MVIC focal plane 
consists of 6 time delay integration (TDI) charge-coupled device (CCD) arrays and one frame 
transfer CCD.  The TDI detectors have 32 rows to build up the integrated signal as the 
instrument scans the field of view across the scene.  In the cross-track direction, orthogonal to 
the 32 TDI lines, there are 5000 active pixels.  Each pixel subtends 20 µrad for a cross-track field 
of view of 5.7°.  Ralph/MVIC is distinguished from other New Horizons imaging instruments for 
its wide field of view and color imaging capabilities.  Four of the 6 TDI detectors have 
broadband filters fixed to the detector assembly.  The color filters are identified as “BLUE” 
(400-550 nm), “RED” (540-700 nm), “NIR” (780-975 nm) and “CH4” (860-910 nm).  The two 
Panchromatic TDI detectors cover the wavelength range from 400-975 nm; see (89) for details of 
system response and calibration.  Comparing the observed signal for a well lit portion of 
Arrokoth to the standard deviation in a sample of blank sky, we estimate the single pixel signal-
to-noise ratios to be 60, 175, 148, and 57 in BLUE, RED, NIR, and CH4 filters, respectively.  
The corresponding 1-σ uncertainty in a percent color slope measurement is about ±0.2 around the 
mean slope of 27%.  The uncertainty in determination of a mean color slope drops rapidly as 
multiple pixels are averaged together.
Ralph’s LEISA focal plane consists of a Rockwell Scientific Corporation PICNIC array (a 
256×256 pixel HgCdTe device) with two linear variable filters to disperse the light.  The larger 
filter covers wavelengths from 1.25 to 2.5 µm with a resolving power (λ/Δλ, where λ is the 
wavelength) of ~240.  The smaller filter covers 2.1 to 2.25 µm with a higher resolving power 
(~560).  The LEISA detector has a field of view of 0.9° with both axes providing spatial data 
coupled with spectral dispersion along one axis.
For all the data collecting modes of Ralph (except observing with the panchromatic frame 
transfer array), the spacecraft scans the Ralph boresight across the target to build up an image or 
image cube in the case of LEISA.  At Arrokoth, our scan rates were slower than previously used 
at Pluto because of the low light levels at Arrokoth’s extreme distance from the Sun (43 au at the 
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time of the encounter) and its low albedo.  The color scans used a commanded rate of 
approximately 800 µrad s−1 which corresponds to an integration time of 0.8 seconds.  The 
instrument reads the actual scan rate of the spacecraft to set the TDI rate or frame rate for data 
collection: the actual scan rate is within ±32 µrad s−1 of the commanded scan rate.  For the 
LEISA observations, we used a very slow scan rate (60 µrad s−1) to maximize the observed 
signal.
We used three LEISA scans of Charon taken during the Pluto encounter to construct a flat 
field for LEISA.  Charon was used for this purpose because of the lack of spectral diversity 
across its surface, unlike Pluto.  The three highest spatial resolution scans of Charon (90) were 
used in order to check for consistency.  These are identified as C_LEISA_HIRES, 
C_LEISA_LORRI and C_LEISA.  In each of these scans, Charon passed through the center of 
the field-of-view with the C_LEISA_HIRES scan subtending the greatest area of the detector.  
Charon did not completely fill the detector in any of these scans, so there are regions around the 
frame edges which have not been corrected, but Arrokoth was not imaged in these uncorrected 
regions.
Using the frame data (spatial vs. spatial-spectral format), a mask was constructed to isolate 
Charon from the background.  The average signal was then calculated for each pixel when it was 
illuminated by Charon. This produced a 256×256 pixel array (with pixels set to zero if never 
illuminated by Charon) with the mean spectrum of Charon still present.  That was removed by 
robust fitting (i.e., with rejection of outlier points) of a single-order polynomial to each row 
(wavelength) of the frame.  The results from each of the Charon scans were then combined 
where they overlap.  The result is the ratio of the new flat to the old flat with which the Charon 
data had already been processed by the standard pipeline.  After multiplying by the old flat, the 
new flat was obtained.
To extract the spatially-registered spectra of Arrokoth from the LEISA data frames, a frame-
by-frame pointing solution was determined.  The changing spacecraft-to-target range during the 
LEISA scan resulted in a spatial scale that changed from 2.0 to 1.8 km/pixel over the time the 
scan, with the closer range coinciding with longer wavelengths.  The range was taken from 
predicted SPICE (91) kernels for the observation time of each frame, and used to construct a 
scaled model image of Arrokoth (two sky-plane circles connected by a rectangular neck).  The 
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focal plane center of figure, mean albedo, and the full width at half maximum of a Gaussian 
point spread function was varied until the mean squared difference between a given frame and 
the model was minimized.  Parameter optimization was achieved with simplex minimization.  
The position angle of the neck and two spheres was assumed to be fixed in all frames.  In the 
case where a pointing solution failed (such as when the target was crossing the edge of the focal 
plane), the position was estimated via linear interpolation from the nearest successful solutions.
Pixel coordinates in each plane were then converted into a physical frame relative to the 
center of figure using the range prediction.  The (Δx (km), Δy (km), λ (µm)) coordinates of each 
pixel were stored, where Δx and Δy are distance from the center of figure along the axes of the 
detector array, along with the I/F measured by that pixel.  A mask of hot pixels and cosmic rays 
was applied at this stage, and flagged pixels were removed from this data structure.  A nearest-
neighbor interpolant was constructed to interpolate these I/F measurements over these 
coordinates.  The final spectral cube was constructed by constructing a (Δx, Δy, I/F) plane from 
this interpolant sampled over a spatially-uniform grid sampled at 10 times the average native 
spatial resolution at each unique wavelength sampled by the measurements.
Spectral Modeling
Multiple scattering of incident sunlight by a granular surface as a function of composition and 
texture was simulated using a Hapke model (31, 92).  This model was numerically inverted to 
obtain the best-fitting representations of surface composition and texture, given a set of assumed 
ingredients and parameters.  Because there is an infinite set of potential ingredients and 
parameters, the resulting best-fitting representations are necessarily not unique solutions, though 
they can demonstrate that a particular configuration is consistent with the data, and assess 
spectral differences between regions.  Although the MVIC data could provide additional 
constraints, the models are only applied to LEISA data, because the MVIC and LEISA data sets 
were obtained at different times and thus at different viewing geometries.
For Hapke parameters, we assumed the single scattering phase function, P(g), from (3), 
characterized by McGuire & Hapke parameters b = 0.3178 and c = 0.7450 (93).  Hapke’s 
opposition effect and macroscopic roughness parameters were not used (by setting Hapke’s B0 
and θ parameters to zero).  Because all of the spectra being modeled were averages over a range 
of incidence and emission angles, we computed the models for simplified geometry with incident 
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angle i = 30°, emission angle e = 30°, and phase angle g = 10°.  These simplifications are 
justified by the low signal-to-noise ratio of the data and the coarseness of the spatial registration 
of the data, owing to the complex shape of the body and changing geometry from spacecraft 
motion during the LEISA scan.  The target was in LEISA’s field of view for a little over 4 
minutes, during which the spacecraft closed from 32,770 to 29,110 km range from Arrokoth.  
The changing range is accounted for in our processing of LEISA data, but the phase angle also 
changed during the scan, and this change is not accounted for.  During the scan, the phase angle 
grew from 12.49° to 12.79°.  The start of the scan corresponds to the short wavelength end of the 
spectral range, so not accounting for this change in geometry could introduce a spurious spectral 
slope, but with just a 0.3° change over LEISA’s spectral range, this is a small effect.  This 
changing geometry over time also results in slightly different geometry between the LEISA data 
and the LORRI rider obtained during the same scan (see (3), their table S1).
We fitted models to the grand average spectrum incorporating a variety of potential 
ingredients.  We considered the Akaike and Bayesian information criteria (AIC and BIC) to 
assess whether the inclusion of each particular ingredient was able to reduce χ2 sufficiently to 
justify its inclusion.  We found only five ingredients to be statistically supported on this basis: 
tholin, amorphous carbon, and CH3OH ice, with this model accounting for 92% of the 
marginalized probability according to the AIC, and to a lesser extent, NH3 ice at 4.5%, and H2O 
ice at 3%.  According to the BIC, inclusion of H2O and NH3 are less supported, because it 
penalizes the inclusion of additional model complexity more harshly than the AIC.  We used 
optical constants for these materials from (20, 92, 94-96) for tholin, CH3OH ice, amorphous 
carbon, H2O ice, and NH3 ice, respectively.  Tholins from a variety of sources were tried, but 
according to AIC and BIC criteria, no particular tholin is favored.  Titan tholin (20) should be 
seen not as a specific identification but as a generic representative of this broad class of 
materials.  Likewise, amorphous carbon (94) is a generic dark opaque material, and is not 
necessarily an exact match for the dark material present on Arrokoth.
REX Data Processing
From the shape model of Arrokoth (3), the projected area of Arrokoth as observed from New 
Horizons at 05:52:14 UTC (time of minimum separation between the high-gain antenna (HGA) 
boresight and the position of Arrokoth), was 414.4 km2.  The distance at this time was 
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16,700 km.  The main beam of the HGA at this distance covered an area about 230 times larger 
than the target, so the REX measurement was unresolved and only a global determination of the 
Arrokoth brightness temperature is possible.  The observed radio flux is therefore a combination 
of source plus sky background.  The contribution of the background was determined by 
performing an additional scan along the identical path in right ascension and declination, but one 
day after the flyby.  As viewed from the spacecraft (Fig. 6A), Arrokoth was located on the edge 
of the Galactic plane in the opposite direction from the Galactic Center, well separated from all 
bright natural radio sources.  With imperfect a priori knowledge of the precise location of 
Arrokoth, the REX scan was designed to cover all possible time-of-flight errors between ±180 
seconds of the nominal flyby design.  This required scanning the HGA over a lengthy arc of 1.2° 
in RA and 10.2° in Dec, more than adequate to assure covering the slower motion of Arrokoth on 
the sky (0.5° in RA; 4.2° in Dec).  As it turned out, the target was 23 seconds late and thus near 
the middle of the pre-planned scan range.
The brightness temperature of the sky background within the HGA beam was determined to 
be only slightly higher than the cosmic microwave background temperature TCMB = 2.73 K.  
Nevertheless, the radio flux density from the background in each receiver is still about 25 times 
stronger than the maximum due to the excess thermal emission from Arrokoth.  The main 
contributor to the observation noise, the system temperature of each receiver (REX A~146 K; 
REX B~137 K), was assumed to remain constant during each scan.
The flux density recorded for the target scan on encounter day is shown together with the 
background scan recorded one day later (Fig. 6B).  The smooth black curve shows the modeled 
effect of an unresolved Arrokoth with a brightness temperature of 30 K.  The target and 
background scans are plotted over their common declination interval in order to distinguish 
possible variations in the background.  Both curves show only the changes in flux density with 
respect to the mean value measured during a calibration interval (also indicated in Fig. 6B), 
defined as those times when the HGA boresight was well separated from Arrokoth.  The plotted 
flux density is a stacked average of the measurements from the two receivers, REX A and REX 
B, smoothed over a running interval of 0.75° in declination.  The smoothing interval was selected 
as an optimum value: wide enough to reduce the measurement noise, but still narrow enough to 
capture changes during the roughly 80 seconds when Arrokoth passed through the HGA beam.
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Appropriate for the point source case, the observations were fitted to a model with a Gaussian 
superimposed on a linear background.  The best fitting model yielded a change in flux density at 
maximum of 62 ± 10 Jansky, where the uncertainty accounts for the standard deviation of the 
entire fit to the data.  Converting this to the global brightness temperature of Arrokoth (36, 37) 
yields TB = 29 ± 5 K, roughly corresponding to a 6-σ detection.  Different declination smoothing 
intervals from 0.25° to 1.25° led to changes in brightness temperature of less than 1 K.
Thermal models
Our modeling is based on the Arrokoth global shape model (3), reduced to a “low poly” 
version with Nf = 1962 triangulated facets (Data S1).  For a given facet i, with surface area σi and 
outward pointing normal vector ni, we determine which other faces j are viewable from it using 
simple ray-tracing, and from this we develop a logical face network Nij, sometimes referred to as 
the “who-sees-who” list (38).  For each i-j pair, we assess their relative distance rij with 
corresponding unit vector rij.  This procedure is nominally an O(Nf2) calculation, but is done only 
once for any given shape model and is subsequently used for all derived thermal models.  This 
methodology accounts for large scale roughness expressed in the faceted shape model, but does 
not account for smaller scale roughness which can also be expected to affect surface 
temperatures.
We adopt a surface plus one-dimensional subsurface model to describe the near surface 
energy balance in which losses to radiation and subsurface conduction is balanced by the net 
received energy, Φi, which is the radiative losses plus the gains from both solar insolation and 
surface re-radiation,
k ∂z T i∣z=0+ϵiσB T i
4 = Φ i = (1−Ai)F i+∑ j ϵ jσB K ij T j4 ,
Fi = F*(n*⋅n i) ,
(S1)
where z is depth and the summation is over all non-zero Nij.  Ti is the surface temperature of 
element i.  The local emissivity is ϵi (assumed to be 0.9, following (40, 43)), Fi is the non-self-
blocked insolation received by surface element i from the Sun located in the sky by unit vector 
n*, (1-Ai)Fi is the absorbed solar radiation flux (taking into account self-shadowing), and Ai the 
bond albedo, measured to be 0.06 (1, 3).  The scaled radiated power emanating from facet j and 
received by facet i is quantified by the following expression:
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K ij = σi N ij
(ni⋅rij)(−n j⋅r ij)
2π rij
2 . (S2)
We adopt the 1D heat equation for the subsurface,
ρC p∂tθi = k ∂z
2θi , (S3)
where ρ is the material density, Cp is its heat capacity, θi is the depth dependent (z) temperature 
of facet i where surface temperature is denoted by Ti = θi (at z = 0), and finally k is the material 
conductivity.  Solutions to Eq. S3 are developed in the time-asymptotic limit whereby we impose 
the condition that the conductive flux goes to zero sufficiently deep underneath the surface (39).  
This amounts to representing the solution for the temperature for z < 0 as a truncated sum in 
powers of seasonal frequency, i.e.,
θi = T¯ i+ ∑
n=1 , N
eκn z(Ane
iω0 mt+c.c.);
κn ≡ (1+i)√nω0ρC p2 k ;
(S4)
where Ti is the local mean temperature of element i.  This solution approach has also been used 
in the thermal response analysis of Martian sand dunes (97).  We construct solutions based on 
daily averaged solar insolation and proceed by building a received insolation profile for 298 
evenly selected times over the course of ~298 year orbit of Arrokoth.  We truncate the number of 
frequencies retained in Eq. S4 to about 75 so as to minimize the possibility of incurring de-
aliasing errors in the solution procedure.  We then build solutions to Eqs. S1 and S3 via an 
iterative procedure.  We start by solving Eq. S1 for Ti with k set to zero and calculate a first 
iteration of Φi.  This solution involves the inversion of a sparse matrix.  This can be done via a 
forward iterative Gauss procedure because the matrix is well-conditioned.  Then we correct Ti by 
solving Eq. S3 using this first guess for Φi, as the flux boundary condition k∂zθi|z=0 + ϵiσBθi4|z=0 = 
Φi.  This provides a corrected surface temperature Ti = θi|z=0 which is input back into Eq. S1 
whereupon an updated value of Φi is assessed and used as an updated upper boundary condition 
used to solve Eq. S3.  This iterates until a converged solution is reached which is usually 
assessed to be when the maximum change between successive iterations is sufficiently small, 
i.e., when max(ΔΦi/Φi) < 10−4, where ΔΦi is the difference between successive iterations of Φi.
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Following (1, 40), we assumed thermal inertia Γ = 2.5 J m−2 s−1/2 K−1.  The resulting 16 K 
model mean surface temperature across the face of Arrokoth oriented toward New Horizons 
during the REX CA08 observation is far below the 29 ± 5 K brightness temperature recorded by 
REX.  However, thermal radiation tends to emerge from a range of depths within a surface, 
potentially extending to many times the wavelength below the surface.  Additionally, we do not 
know the X-band emissivity (ϵ) of Arrokoth’s surface that provides the link between kinetic and 
brightness temperatures.  To explore the range of parameters permitted by the REX observation, 
we re-ran our model with Γ ranging from 0.5 to 250 J m−2 s−1/2 K−1 and computed temperatures at 
depths from the surface down to 
4 m below the surface 
(~100 wavelengths), as shown in 
Fig. S1.  The observed REX 
thermal emission is consistent with 
low thermal inertia and emission 
emerging from tens of cm below the 
surface, but is also consistent with 
higher thermal inertia and emission 
from closer to the surface.  For 
instance, at the nominal 
2.5 J m−2 s−1/2 K−1 thermal inertia, 
the mean temperature over the 
observed hemisphere is 29 K at a 
mean depth of ~50 cm (12 REX 
wavelengths).  For less than unit 
emissivity, warmer temperatures are 
needed to account for the observed TB, consistent with emission from greater depths.  With 
ϵ = 0.8, the corresponding kinetic temperature would be 36 K, which is reached at a depth of 
~1 m.  The maximum temperatures seen for any thermal inertia and depth combination are in the 
~41 K range, implying a lower limit of 0.7 for the REX wavelength emissivity.
For the higher thermal inertia solutions, the required value of Γ would be >40 J m−2 s−1/2 K−1 to 
reconcile the surface temperature with the REX observation with unit emissivity at REX 
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Figure S1.  Model average temperature over the face 
of Arrokoth that was oriented toward New Horizons 
at the time of the REX CA08 scan, as a function of Γ 
and depth.  Emission from the depth where T = 29 K 
(black curve) would be consistent with the REX 
measurement if ϵ = 1, but ϵ is likely to be smaller, so even 
warmer temperatures are likely required to account for 
the observed TB.
wavelengths.  Surface and subsurface temperatures are similar for the high thermal inertia 
models, so the higher thermal inertia models place less constraint on the depth sampled by the 
4.2 cm the emission.  A high thermal inertia is inconsistent with the statistical estimates from 
(40), but those estimates are for diurnal timescales rather than seasonal timescales.  Higher 
thermal conduction at depth could enable seasonal thermal inertias to be much higher than the 
values relevant for diurnal timescales.  Additionally, the (40) sample does not include small 
CCKBOs in Arrokoth’s size range, so it might not even be relevant to such objects.
Effects of unresolved surface roughness can be important in some thermal environments.  
These were explored by (98) through use of effective values of the albedo and emissivity.  
Arrokoth’s bond albedo has been directly measured as 0.06 (1, 3), so we leave it unchanged, but 
we tried higher values of emissivity ϵ = 0.95 and ϵ = 1.0 consistent with a rough surface.  These 
led to slightly lower temperatures by up to 1 K across the observed face of Arrokoth, not enough 
to materially affect our conclusions.
Data S1 (separate file).
A low facet count version of the Arrokoth shape model (3) used in our themal models is 
provided as an ASCII file consisting of 1,039 lines representing vertices starting with the 
character v, followed by 1,962 lines representing facets starting with the character f.  Each vertex 
line has three white-space separated floating point values representing x, y, z coordinates in units 
of km.  The axes are aligned with the shape’s principal axes of inertia and the origin corresponds 
to the center of mass assuming a uniform internal density.  Each facet line has three white-space 
separated integers specifying three vertices to define the corners of that triangular facet, in order 
such that the right hand rule points in the direction of the exterior of the shape.  The index of the 
first vertex line is 1 and the last is 1,039.
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